INTRODUCTION
Candida albicans is an opportunistic fungal pathogen that is part of the natural flora of healthy human beings (1) . C. albicans together with other candida species account for most hospital-related fungal infections. ICU patients, individuals with compromised immune systems, and patients undergoing cancer treatments or immunosuppressant therapy are most likely to develop invasive candidal infection (2, 3) . Opportunistic pathogens such as C. albicans develop strategies to survive and proliferate in the various niches of the host. This survival must depend upon the ability of the organism to efficiently utilize the available nutrients. Indeed, comparative analysis of the genome of the nonpathogenic S. cerevisiae with that of C. albicans has uncovered numerous metabolic differences, including the expansion of gene families related to energy production, nutrient transport, and extracellular hydrolytic activity (4, 5) . Secreted phospholipase activity, for example, is prevalent in pathogenic fungi and has been linked to pathogenicity (6, 7) . It has been postulated that phospholipases enhance virulence by damaging host membranes and enabling penetration by the organism (6) , but their importance may also be related to their ability to release phospholipid metabolites that can be used as nutrients.
Phospholipases of the B type (PLBs) deacylate glycerophosphophospholipids ( Figure  10C ) to produce fatty acids and water-soluble metabolites called glycerophosphodiesters (GroPXs) (6, 8) .
Two such GroPXs are glycerohosphoinositol (GroPIns) and glycerophosphocholine (GroPCho) produced through the deacylation of phosphatidylinositol (PI) and phosphatidylcholine (PC), respectively. C. albicans contains five phospholipase B (PLB) encoding genes (7) and loss of PLB1 or PLB5 has been shown to attenuate virulence (9, 10) . In addition to the GroPXs potentially produced through fungal-related phospholipases, GroPXs are found throughout mammalian tissues and fluids as a result of host specific phospholipases, which can include phospholipases of the A 1 and A 2 type, as well as PLBs (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . GroPCho and its precursor, PC, are present in serum (14, 15) . They are also found in the gastrointestinal tract and the urinary tract (11, 17, 19, 20) , known locations for C. albicans colonization (1, 21) . In the renal medulla of the kidney, where there is risk of C. albicans infection in critically ill patients (1) , GroPCho serves as a protective osmolyte against high concentration of NaCl and urea (12, 13) . Additionally, GroPCho is found in the brain and spinal fluid (16, 18) .
We have reported that C. albicans transports glycerophosphodiesters, specifically GroPIns and GroPCho, into the cell where they are hydrolyzed and used as a source of phosphate, choline, and inositol (22) . GIT1, identified based on sequence similarity to S. cerevisiae GIT1, was shown to be responsible for GroPIns transport, but not GroPCho transport. GroPCho transport is roughly 50 times greater in C. albicans as compared to S. cerevisiae and 3 other ORFs (GIT2, 3,4; 19.1978-19.1980 ) with similarity to GIT1 exist in the C. albicans genome (22) . GIT2,3,4 lie in a tandem repeat on chromosome 5 and, like GIT1, are members of the major facilitators superfamily (MFS) (23) .
In this study, we have identified several gene products involved in the utilization of the common phospholipid metabolite, GroPCho ( Figure 10A ). We have identified Git3 and Git4 as GroPCho transporters, with Git3 exhibiting the major activity. In addition, we have identified Gde1 as a glycerophosphodiesterase involved in intracellular GroPCho catabolism and shown that Pho4 is a regulator of GIT3, GIT4, and GDE1 expression. Based on extensive labeling studies, we determined that C. albicans employs multiple mechanisms for GroPCho utilization. Our finding that GIT3 is required for full virulence in a mouse model underlines the importance of metabolic studies in garnering a full understanding C. albicans biology and pathogenicity.
EXPERIMENTAL PROCEDURES
Strains and media -C. albicans strains used in this study can be found in Table 1 . Strains were grown aerobically at 30°C unless otherwise noted. Turbidity was monitored by measurement of absorbance at 600 nm (A 600 ) on a Biomate 3 Thermo Spectronic spectrophotometer. Media used for this study was synthetic complete (yeast nitrogen base [YNB] ) containing 2% glucose, as previously described (24) . Media phosphate concentrations were controlled by removing KH 2 PO 4 (1g/L) from the synthetic mix and replacing it with KCl (1 g/L). KH 2 PO 4 was added back into media at high (10 mM) or low (200 µM) concentrations as indicated. In some experiments, media contained GroPCho (200 µM) (Sigma no. G5291). For all experiments, media was supplemented with 80 µg/ml uridine. For serum experiments, bovine serum (Sigma no. B9433) was added to synthetic complete YNB media containing KH 2 PO 4 (1 mM) at 10% of the total volume. Strains were maintained on YEPD agar plates (yeast extract 10 g, peptone 20 g, dextrose 10 g per liter).
Construction of homozygous mutantsPrimers used in this study are listed in Table 2 . The wildtype strain (DAY185) and methodology for creating homozygous deletion mutants have been previously described (25, 26) . In general, a forward deletion primer consisted of 100 nt homologous to the upstream region of the gene's start site plus an adaptor sequence (5' -TTTCCCAGTCACGACGTT-3') that flanked the 5' end of the URA3 gene in plasmid pGEM-URA3 (JVE 278) (26) .
A reverse deletion primer consists of 100 nt of homology downstream of a gene's stop site plus an adaptor sequence (5' -GTGGAATTGTGAGCGGATA-3') that flanked the 3' end of the URA3 gene in plasmid pGEM-URA3. The 1.4 kb PCR product containing the URA3 gene, was transformed into strain BWP17 and Ura + transformants were selected. Identical primers were used to PCR amplify the ARG4 gene from plasmid pRS-ARG4 (JVE279) (26) for deletion of the second allele since the same adaptor sequence was contained in both plasmids pGEM-URA3 and pRS-ARG4. The approximately 2.5 kb PCR product containing the ARG4 gene, was transformed into the heterozygous mutant strain and Ura + Arg + transformants were selected. A homozygous deletion mutant would produce PCR products for both the inserted URA3 gene (1.2 kb) and inserted ARG4 gene (2.3 kb), but not the native locus. Using this methodology, a strain, git2,3,4Δ/Δ (JPV 692/SGH338) was produced using a forward primer with homology upstream of the GIT2 start site and a reverse primer with homology downstream of the GIT4 stop site. The resulting homozygous mutant lacked approximately 8,500 kb encompassing GIT2 through GIT4.
For two strains (git3Δ/Δ and git4Δ/Δ), homozygous deletions were made utilizing the URA3 cassette described above, but following heterozygous mutant verification, 5-fluoroorotic acid (5-FOA) counter selection was performed (25) . For deletion of the second allele, a secondary set of deletion primers (B set in Table 2 ) were necessary for both GIT3 and GIT4 because of the tendency of the URA cassette to combine at the deletion site of the first allele. This second group of primers were similar to the first set (labeled A in Table 2 ) but consisted of a forward primer with 100 nt homologous to the region downstream of the gene's start site plus an adaptor sequence and a reverse primer that consisted of 100 nt homologous to the region upstream of the gene's stop site. This second URA3 cassette was transformed into the heterozygous mutant strain, deletion of the second native allele was verified, and counter-selection on 5-FOA was repeated producing a Ura -homozygous deletion mutant. Construction of complementation plasmids -Complementation plasmids were constructed for GIT2, GIT3, GIT4, and GDE1 using plasmid pDDB78 (25) . Each target gene was amplified from genomic DNA using primers that can be found in Table 3 . Each forward primer was located approximately 1500bp upstream from the start site and contained a 5' Not I restriction site plus 100 nt of homology to the genomic DNA. The reverse primer was located approximately 300 bp downstream of the stop site and contained a 5' EcoR I restriction site plus 100 nt of homology to the genomic DNA. Upstream and downstream locations varied depending on intergenic distances and neighboring ORFs. The vector pDDB78 was linearized with restriction enzymes Not I and EcoRI. The linear pDDB78 and amplified target gene were transformed into S. cerevisiae strain (trp1∆63, his3∆200, ura3-52, leu2∆1) (JPV1) (25) for in-vivo recombination and Trp + colonies were selected. Plasmids were extracted from Trp + colonies using acid washed beads and a Zyppy Mini prep kit (Zymo). Extracted plasmids were then transformed into E. coli and Amp + plasmids were selected. The plasmids were extracted from E. coli and verified by PCR and agarose gel electrophoresis.
Insertional complementation of deletion mutants -Plasmids pDDB78GIT2, pDDB78GIT3, pDDB78GIT4, and pDDB78GDE1 were linearized with Nru I, which cuts the plasmids within the HIS1 gene. Linearized pDDB78GIT2, pDDB78GIT3 and pDDB78GIT4 plasmids were then transformed into git2,3,4Δ/Δ (JPV 692/SGH338) and linearized pDDB78GDE1 was transformed into gde1Δ/Δ (JPV 733) for recombination at the HIS1 locus. His+ transformants were tested for complementation of the mutant phenotype when possible.
Reintegration was also verified by PCR. Empty plasmid pDDB78 was also linearized and transformed into both git2,3,4Δ/Δ and gde1Δ/Δ strains.
[ 3 H]GroPCho transport assays -Shortterm transport assays were performed as previously described (22) . Briefly, cultures were grown to log phase at 30°C. Aliquots were harvested, washed 1X in sterile DI H 2 O and suspended in 100 mM citrate buffer (pH 5) to an A 600 of 5. Cell suspensions were incubated at 30°C for 10 minutes with agitation to allow for equilibration to buffer conditions. The assay was started by the addition of 50 µl of 1 mM (27) .
To determine GroPCho transport kinetics, the initial rate of GroPCho uptake was determined as described above, but with varying concentrations of GroPCho. For measuring Git3 kinetics in a git4Δ/Δ mutant, a concentration range of 20 µM to 1 mM was used. For measuring Git4 kinetics in a git3Δ/Δ mutant, 5 µM to 200 µM was used. Saturation kinetics data for GroPCho were analyzed to determine estimated K m and V max using the Levenberg-Marquardt algorithm for nonlinear regression in GraphPad Prism (version 4.0). Values were determined by least squares fitting of the data to the Michaelis-Menten
, where S represents GroPCho. Linearization of the kinetic data was performed using Hanes plot transformations (28 To isolate an internal fraction (29) the cell pellet was suspended in 100 µl of 5% TCA solution followed by 10-minute incubation on ice. Cells were again pelleted and the supernatant was removed as the internal fraction. To neutralize the TCA, an equal volume of 1 M Tris (pH 8) was added to the TCA fraction. The cell pellet was washed 1X with 300 µl of DI H 2 O and the supernatant was added to the internal fraction.
Long (22) . Briefly, strains were grown in low (200 µM) or high (10 mM) phosphate media described above. Cultures were grown to A 600 between 0.8 and 1.2, harvested, and RNA was extracted using a hotphenol chloroform extraction (31) . RNA was DNase treated using the Turbo DNA-Free kit (Applied Biosystems) and stored at -80 o C until analysis.
Primer 3 software (http://frodo.wi.mit.edu/primer3/) was used to design forward and reverse RT qPCR primers for TDH3, GIT2, GIT3, GIT4, and GDE1 (Table 4) . RT qPCR was carried out on an Applied Biosystems StepOnePlus instrument using Power SYBR green RNA to C T 1 Step Kit (Applied Biosystems). Each reaction consisted of 0.2 µl of a 125X RT enzyme mix, 12.5 µl of 2X RT-PCR mix, 1 µM primers, and 1.5 µl of DNase treated RNA brought up to a volume of 25 µl with DEPC treated H 2 O. Experimental samples were performed in triplicate and are representative of 3 independent determinations. Reverse transcription was performed at 50 o C for 15 min, followed by 95 o C for 15 min for RT inactivation and polymerase activation. This was followed by 40 cycles of 95°C for 15 s, 50°C for 30 s for primer annealing and 72°C for 40 s for amplification. Primers were validated for specificity through melt curve analysis and by visualizing amplicons by gel electrophoresis. Primer sets did not produce an amplicon when template from the respective deletion mutant was employed. Control reactions lacking reverse transcriptase or template were peformed. Expression levels were analyzed using the ΔΔC T method (32) and normalized to the endogenous control, TDH3, which is not phosphate regulated. For experiments determining the change in expression due to phosphate concentrations, wild type (DAY185) low phosphate expression was normalized to 1 and used to compare fold change in high phosphate expression. For experiments determining the change in expression due to PHO4, wild type (WT-TF) low phosphate expression was normalized to 1 and used to compare fold change in the pho4Δ/Δ strain under low phosphate conditions.
[ 3 H]GroPCho uptake in serum and XTT cell proliferation assay -Parallel radioactive and non-radioactive experiments were performed. Non-radioactive cultures were used to assess cell growth using the XTT cell proliferations assay kit (Abnova). This assay measures the reduction of XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenly)-
carbonyl]-2H-tetrazolium hydroxide) through the production of a colorimetric product and was previously used to monitor cell proliferation in C. albicans biofilms (33) . Cultures (1ml) of synthetic complete media (1mM KH 2 PO 4 ) containing 10% bovine serum were inoculated to an A 600 of 0.1. For the radioactive samples the media was supplemented with 200 µM [ 3 H] GroPCho, while 200 µM GroPCho was used in the non-radioactive samples.
Cultures were grown at 37°C with agitation for 6 hours. Following the incubation period, the radioactive samples were centrifuged at 3500 rpm for 4 min to pellet the cellular mass. The 1ml supernatant was carefully removed as the extracellular fraction. Pellets were washed with 500 µl of DI H 2 O and centrifuged again removing the supernatant to the extracellular fraction. The pellet was suspended 100 µl of 5% TCA solution followed by 10 min incubation on ice. Cells were again pelleted and the TCA fraction was removed as the internal fraction. To neutralize the TCA, equal volume of 1M Tris (pH 8) was added to the TCA fractions. The cells were washed 1X with 300 µl DI H 2 O, pelleted, and the supernatant was removed to the internal fraction. Internal [ 3 H]choline-containing metabolites were separated by ion-exchange chromatography as described in experimental procedures. Cell growth was assessed in nonradioactive cultures using the XTT kit since the presence of serum induced hyphae formation and clumping cells whose growth could not be monitored by measuring optical density. After the 6 hours of growth, 10 µl of XTT reagent mix was added to each 1ml culture and carefully mixed with a pipette. Tubes were incubated upright at 37 o C for 4 hours. Tubes were centrifuged at 3500 rpm for 4 min to pellet cells and 50 µl of supernatant was diluted 10 fold in DI H 2 O. Absorbance was measured at 450 nm and this number was used to normalize radioactive uptake of [ 3 H] GroPCho to approximate cellular growth across the different strains.
Mouse model of blood stream infectionThe standard mouse model of hematogenously disseminated candidiasis was used. Eight male Balb/C mice per strain were injected via the tail vein with 5x10 5 C. albicans cells. Survival was monitored three times daily for 21 days. Differences in survival among mice infected with the different strains were analyzed by the log-rank test.
Phylogenetic analyses -Homologs of C. albicans Git1, Git2, Git3, and Git4 proteins were identified with a BLASTP search of known and predicted proteins in the NCBI nr database from the following species of the "CTG clade": C. dubliniensis, C. tropicalis, C. maltosa, C. orthopsilosis, and C. parapsilosis, along with other members of the Saccharomycetales: Kluyveromyces lactis, S. cerevisiae, and the more distantly related Yarrowia lipolytica. Hits with greater than 30% identity and greater than 50% coverage in the matches to C. albicans proteins were aligned with Clustal Omega software (34) . Maximum likelihood and neighbor-joining phylogenetic trees were constructed using MEGAv5.2.2 software (35) , with the JTT matrixbased method excluding all positions containing gaps or missing data (complete deletion option) with statistical confidence of nodes assessed with 10,000 bootstrap replicates.
RESULTS

Novel construction of a strain lacking GIT2,3,4 -
C. albicans contains 4 ORFs (GIT1,2,3,4) that are predicted to be involved in glycerophosphodiester transport. GIT1, residing on chromosome 2, codes for a permease that is solely responsible for the uptake of glycerophosphoinositol (GroPIns), but does not have specificity for GroPCho, a highly transported metabolite in C. albicans (22) . The remaining three ORFs, GIT2,3,4, lie in a tandem repeat on chromosome 5 and are the focus of this work. Pairwise alignment of Git3 with Git2 using NCBI BLAST (36) reveal that the Git2, Git3, and Git4 proteins are all similar to each other, ranging from 69-75% identity and with 81% to 87% positive matches (Table 5 ). In contrast, these three proteins are equally much more divergent from Git1, ranging from 33-35% identical and 50-53% positive matches to Git1. Since the GIT2,3,4 gene products are very similar to each other, we reasoned that single mutation phenotypes might be difficult to detect because of compensation by the other ORFs. Thus, in addition to constructing single gene deletion mutants, we also constructed a triple mutant by deleting the region from GIT2 to GIT4 spanning roughly 8500 bp. To the best of our knowledge, this is the first report of a triple mutant being created by knocking out 3 genes in tandem in C. albicans.
Role of GIT3 and GIT4 in the utilization of GroPCho as a phosphate source -S. cerevisiae and C. albicans can utilize glycerophoshodiesters as phosphate sources (22, 37) . To assess the role of Git2,3,4 in this process, we examined growth of a git2,3,4Δ/Δ mutant when GroPCho was provided as the sole phosphate source ( Figure. 1A ). Early growth (just detectable roughly 18 hours post inoculation) was abolished in the git2,3,4Δ/Δ mutant, although growth did resume after that. Reintegration of either GIT3 or GIT4 into the genome of the git2,3,4Δ/Δ mutant rescued this early growth defect on GroPCho, while reintegration of GIT2 or the empty vector (pDDB78) did not. All strains grew uniformly when KH 2 PO 4 was supplied (Fig. 1B) and only background growth was observed in the absence of a phosphate source (Fig. 1C) .
Git3 is the major GroPCho permease and is regulated by phosphate availability -Because both GIT3 and GIT4 rescued the growth defect observed in a git2, 3 Figure 1B) as the phosphate source. Growth in high phosphate reduced both [ 3 H]GroPCho uptake and the mRNA levels of GIT3 and GIT4 as determined by RT qPCR (Table  6 ). Although we have not identified a role for GIT2, we examined its expression and found it to be largely unresponsive to phosphate levels ( Table  6) .
We have previously reported that Git1 is the sole transporter for GroPIns based on the absence of transport in the git1Δ/Δ mutant (22) . For completeness, we measured GroPIns transport in a wild type and git2,3,4Δ/Δ mutant and found no decrease in transport activity upon loss of GIT2,3,4 (100 ± 8% for wild type versus 115 ± 3% for the triple mutant). Thus, neither Git2, Git3 nor Git4 possess detectable GroPIns transport activity.
Loss of GDE1 alters GroPCho catabolism -Since an initial goal of this work was to abrogate GroPCho utilization and deletion of GIT2, GIT3, and GIT4 did not achieve that, we deleted a gene predicted to be involved in GroPCho catabolism. A single ORF in the C. albicans genome has sequence similarity to S. cerevisiae GDE1 (YPL110C), which codes for a protein with glycerophosphodiesterase activity specific for GroPCho (38, 39) . Using NCBI BLAST (36) (default settings, CGD) ORF 19.3936, here named Gde1, was found to have 42% identity match and 58% positive match to Gde1 with 15% gaps. GDE1 is predicted to encode a cytosolic protein of 1162 amino acids. Homozygous deletion of GDE1did not abolish the cells ability to utilize GroPCho as sole phosphate source, although there was a measurable difference between wild type and the gde1Δ/Δ strain ( Figure 3A) . The difference in growth was rescued when a copy of GDE1 (pDDB78GDE1) was reintegrated into the genome of gde1Δ/Δ ( Figure 3A) . To assess the role of Gde1 in GroPCho catabolism, we performed transport assays followed by analysis of the internal metabolites. As shown in Figure 3B (Table 6) .
C. albicans can utilize GroPCho through transport and intracellular hydrolysis or through extracellular hydrolysis -Our transport assays indicate that either Git3 or Git4 is required for GroPCho uptake ( Figure. 2), yet growth on GroPCho as a phosphate source does occur roughly 12 hours post inoculation in a git2,3,4Δ/Δ mutant ( Figure 1A Figure 4B ). Since Git3 is the primary permease for GroPCho, we analyzed the git2,3,4Δ/Δ mutant with GIT3 reintegrated into the genome to confirm that intracellular and extracellular levels of metabolites were returned to that of wild type ( Figure 4E, F) in the presence of a GroPCho permease. For all experiments, radioactivity not accounted for in the extracellular and intracellular water-soluble fractions was detected in the membrane fraction by way of free choline incorporation into newly synthesized PC (data not shown).
In total, the data presented in Figure 4 suggest that during the first 12 hours of growth, wild type cells transport GroPCho into the cell (primarily via Git3) and hydrolyze it to release free choline and GroP. After 12 hours, when there is little continued uptake of intact GroPCho, the most likely scenario is that GroPCho is hydrolyzed extracellularly and the resulting metabolites transported into the cell as needed.
Pho4 regulates the expression of GIT3, GIT4 and GDE1 -As shown in Table 6 , GIT3, GIT4, and GDE1 message levels are upregulated in response to low phosphate. The transcription factor Pho4 regulates the expression of GIT1 and thereby the transport of GroPIns by C. albicans (22) , and its homolog in S. cerevisiae is a known regulator of phosphate responsive genes (40, 41) . Thus, we examined the role of Pho4 in GroPCho metabolism. As shown in Figure 5B , [ 3 H]GroPCho transport activity was greatly reduced in the pho4Δ/Δ mutant grown under low phosphate conditions. RT qPCR analysis of gene expression ( Figure. 5C ) revealed an approximate 10-fold reduction in mRNA levels for both GIT3 and GDE1 in the pho4Δ/Δ strain as compared to wild type. GIT4 displayed a roughly 4-fold decrease in message levels in a pho4Δ/Δ strain as compared to wild type. Growth of a pho4Δ/Δ mutant was slightly diminished as compared to wild type when cells were grown on either low concentrations of KH 2 PO 4 or GroPCho ( Figure 5A ). It is not surprising that the GroPCho transport activity remaining in the pho4Δ/Δ mutant (250 pmol/min/ODU) was enough to support growth on GroPCho, as that level of activity was also enough to support growth of the git2,3,4Δ/Δ stain with a copy of GIT4 reintegrated ( Figure 1A) . Figure 6A, B) . Under the given conditions, Git3 exhibited a V max of 3940 ± 150 pmol/min/ODU and a K m of 45 ± 6 µM. Git4 exhibited a V max of 340 ± 40 pmol/min/ODU and a K m of 16 ± 7 µM. Data were transformed into a Hanes plot (Inset Figure 6A , B) to verify linearity and the presence of a single transporter for each analysis. The larger error bars observed for the minor transporter, Git4, as compared to the major transporter, Git3, are due to this relatively low transport activity being affected by small changes in cell density at inoculation as well as at cell harvesting.
Kinetics of GroPCho transport by Git3 and Git4 -
GroPCho utilization under serum growth conditions -To explore GroPCho transport under conditions more similar to those experienced in a human host, we performed GroPCho incorporation experiments in the presence of 10% serum and 1 mM KH 2 PO 4 , which is within the phosphate concentration range reported for serum (42 Gde1 are active in the presence of serum, which is known to contain GroPCho (14, 15, 43) .
Loss of GroPCho transport activity reduces virulence in a mouse model of blood stream infection -
Since GroPCho utilization occurs in the presence of serum (Figure 7) , we examined the role of GroPCho transport in virulence following blood stream infection ( Figure  8 ). Mice infected with the wild type strain displayed a median survival of 5 days. In contrast, a git2,3,4Δ/Δ mutant exhibited a median survival of 9 days and reintegration of a single copy of GIT3 into the git2,3,4Δ/Δ mutant restored wild type virulence levels (P<0.0007 for git2,3,4Δ/Δ+pDDB78 compared to both the WT and git2,3,4Δ/Δ+pDDB78GIT3). Thus, GIT3 is required for full virulence in this infection model.
Multiple homlogs of the Git family are found in many Candida species. C. albicans and its close relative C. dubliniensis each possess four paralogs of the Git family, which we have named Git1, Git2, Git3, and Git4 ( Figure 9 ). Other species of the CTG clade (44) have two or three members of this protein family, while S. cerevisiae and K. lactis each possess only one Git homolog. Based on the robustly supported phylogenetic tree, homologs among Candida species can for the most part be grouped into one of four clades based on similarity to the C. albicans proteins (Figure 9 ). The Git1 cluster appears to be evolutionarily stable, and the Git2/3/4 cluster more dynamic. That is, following the divergence of these two main clusters there does not appear to be any subsequent gains or losses of genes among Git1 orthologs, while at least two additional gene duplications have occurred during the radiation of the Candida to create the Git2, Git3, and Git4 proteins followed by likely subsequent losses of genes. Interestingly, the phylogenetic placement of the single proteins found in S. cerevisiae and K. lactis, along with the presence of a Y. lipolytica protein in both the Git1 and Git2/3/4 clusters, suggest that the gene duplication creating these two clusters may have occurred prior to the diversification of the Saccharomycetales and well before the whole genome duplication event in Saccharomyces. Although the biochemical activity, if any, of Git2 remains to be elucidated, it is worth noting that it is most similar in sequence to Git3, and that only the sister species C. albicans and C. dubliniensis retain all four paralogs.
DISCUSSION
In this study, we have characterized multiple aspects of GroPCho transport and utilization in C. albicans, have identified several ways in which this metabolism differs from that which occurs in the non-pathogenic S. cerevisiae (Figure 10) , and have linked GroPCho transport to fungal pathogenicity. GroPCho is produced through the activity of deacylating phospholipases ( Figure 10C ), such as those of the A 1 , A 2 and Btype, that are widespread, having been found in bacteria (45, 46) , fungi (7), and humans (47) . Thus, GroPCho is a common metabolite and its presence has been noted in several locations relevant to C. albicans infection, including serum (11, 12, (14) (15) (16) (17) (18) (19) , the gastrointestinal tract and the urinary tract (11, 17, 19, 20) .
Our work and that of others has shown that GroPXs are not dead-end metabolites, but are recycled into biological molecules through some combination of transport and hydrolysis ( Figure  10 ) (22, 38, 39, (48) (49) (50) . C. albicans' ability to utilize GroPXs is expanded as compared to the nonpathogenic S. cerevisiae (22) . S. cerevisiae has one transporter (ScGit1) whose preferred substrate is GroPIns. Furthermore, ScGit1 has only marginal GroPCho transport activity ( Figure 10B ). In contrast, C. albicans has four ORFs with similarity to ScGIT1 and much greater GroPCho transport activity ( Figure 10A ) (22) . While we previously reported that Git1 transports GroPIns (22) , the data presented here indicate that Git3 and Git4 are GroPCho transporters. Evidence to support this conclusion is two-fold: i) either Git3 or Git4 is required for early post-inoculation growth when GroPCho is supplied as sole phosphate source ( Figure 1A) and ii) measurable transport of GroPCho requires either Git3 or Git4, with Git3 displaying much greater initial transport activity (Figure 2A, 2B) . Although GroPCho transport has been described in E. coli (51, 52) , and a GroPIns permease (GLUT2) has been identified in mammalian cells (53) , to the best of our knowledge, this is the first identification of a GroPCho-specific permease in a eukaryotic organism.
At least three reasons exist for our inability to identify a role for Git2 in these studies.
The first is that Git2 may transport a metabolite that was not tested, for example glycerophosphoserine or glycerophosphoethanolamine.
The second possibility is that GIT2 was not sufficiently expressed under our experimental conditions. Although we did detect GIT2 transcript by quantitative RT-PCR, as others have using RNAseq (54), it was at a level roughly 6-fold less than that of GIT3 under high phosphate (repressing) conditions (data not shown). Finally, Git2 may simply not act as a GroPX transporter or possess any other activity that would have been detected in this study.
Despite lacking a GroPCho transporter, a git2,3,4Δ/Δ mutant is able to initiate growth on GroPCho 12-18 hours post inoculation ( Figure  1A ), suggesting that an alternate mechanism for GroPCho utilization is initiated in that time frame. Our data, obtained using Figure 4D ). Presumably the unlabeled GroP is hydrolyzed to release free phosphate that is utilized by the cell. The hydrolysis of [ 3 H]GroPCho into [ 3 H]choline and GroP is the most likely pathway given that we did not detect [ 3 H]choline-phosphate in internal or external fractions. It is worth noting that this transporter-independent pathway for GroPCho utilization does not exist in S. cerevisiae, where deletion of ScGIT1 completely abolishes the ability of cells to utilize GroPCho as a phosphate source (39) .
GroPXs are hydrolyzed to GroP and their respective alcohol by glycerophosphodiesterases (8, 55) . In order to better understand GroPCho catabolism in C. albicans, we deleted GDE1 (ORF 19.3936), which is predicted to be a cytosolic protein with a glycerophosphodiester phosphodiesterase domain. Gde1 is highly similar to the only known GroPCho glycerophosphodiesterase in S. cerevisiae (ScGde1) and is annotated in CGD as a glycerophosphodiester glycerophosphodiesterase using InterPro (IPR004129) (56) . Loss of GDE1 resulted in a buildup of internal GroPCho ( Figure  3B and Figure 7) , providing evidence that Gde1 acts upon internal GroPCho. The fact that we did not detect an increase in external GroPCho upon loss of GDE1 (data not shown) and that Gde1 does not contain a predicted signal peptide or GPIanchor attachment site, suggest that Gde1 is not acting externally. Clearly other gene products must exist that are capable of catabolizing GroPCho but are not highly similar to a standard glycerophosphodiesterase (IPR004129). This fact also stands in contrast to that which occurs in S. cerevisiae, where deletion of ScGDE1 renders the cells unable to grow on GroPCho as a phosphate source (39) .
As has been reported for plants (48, 49 ) and bacteria (50-52), we show here that GroPCho utilization in C. albicans is linked to phosphate limitation. PHO4 and GRF10 are orthologs to ScPHO4 and ScPHO2 (4), genes that encode transcription factors that regulate phosphate responsive genes in S. cerevisiae (40, 41) . As was the case for Git1 (22) , the expression of GIT3, GIT4, and GDE1 is governed by the transcriptional regulator Pho4 ( Figure 5C ). However, loss of GRF10 does not affect the ability of C. albicans to utilize GroPCho (data not shown). Additionally, GRF10 does not a regulate the expression of GIT1 (22) and others have noted that it does not appear to be involved in the phosphate response in C. albicans (21) . Interestingly, a recent report indicates that phosphate limitation might have implications for C. albicans virulence (21) . In this study, C. albicans strains isolated from the stool of critically ill patients underwent filamentation and expressed a lethal phenotype against mice and C. elegans upon phosphate limitation (21) . It is tempting to speculate that the phosphate-regulated genes involved in GroPIns (Git1) (22) and GroPCho (Git3, Git4, and Gde1) utilization may play a role in these phenotypes.
Besides acting as a nutrient source, other functions have been ascribed to GroPCho. A wellknown function involves osmotic regulation in renal medullary tissue of mammals, where GroPCho counteracts the effects of high NaCl and urea concentrations (12, 13) . In the fungal pathogen, Cryptococcus neoformans, GroPCho appears to be required for capsule enlargement (57) . Capsule enlargement is necessary for this organism's virulence, as it provides protection from phagocytosis as well as oxidation (57) . A C. neoformans strain lacking phospholipase B1 (PLB1) loses its ability to enlarge its capsule, but supplementation of GroPCho rescues this phenotype (57) . Interestingly, C. neoformans contains a putative protein that is 42% similar (NCBI-Blast) to Git3 suggesting that it too may transport intact GroPCho.
We have shown previously that C. albicans is able to utilize GroPCho under conditions of elevated temperature and pH found in the human body (22) . Here we show that C. albicans employs Git3 to transport and Gde1 to metabolize GroPCho in the presence of serum and the concentration of phosphate found in serum, roughly 1 mM (Figure 7) . These results indicating that GroPCho transport and metabolism are physiological relevant functions under conditions of human infection, prompted us to perform mouse virulence studies on a strain lacking GroPCho transport capability. As shown in Figure 8 , a git2,3,4Δ/Δ mutant exhibits a virulence defect compared to the wild type strain, and reintegration of a single copy of GIT3 into the git2,3,4Δ/Δ mutant restored wild type virulence levels. Thus, the major GroPCho transporter, Git3, is required for full virulence in a mouse model of blood stream infection. Of note, the phylogenetic tree of Git homologs (Figure 9 ) suggests that several other Candida species with Git3 and Git4 orthologs may similarly possess GroPCho transport activity. . Bootstrap values from 10,000 replicates are given at nodes with greater than 50% support. The tree is drawn to scale, with branch lengths measured in number of substitutions per site, and rooted at the midpoint. Neighbor--joining methods produce trees with identical topology at all nodes (not shown). Figure 10 . Glycerophoshodiester transport and catabolism in C. albicans and S. cerevisiae. A) In C. albicans Git1 acts as a GroPIns transporter while both Git3 and Git4 transport GroPCho. The host environment can provide GroPXs for utilization by the organism. The endogenous production of GroPXs by C. albicans has not been studied. B) In S. cerevisiae Git1 transports GroPIns and has minor activity for GroPCho. Cell surface--associated Plbs are responsible for the production of extracellular GroPIns and GroPCho. An ER associated PLB, Nte1, is not show. For both A) and B) weight of arrows across transport proteins indicates relative transport activity. Catabolic products of GroPIns and GroPCho as determined through radiolabelling studies are indicated. Question marks indicate that the gene product/s involved are unknown. Dashed arrows indicate that inositol and choline are recycled back into membrane phospholipids. C) Reaction illustrating deacylation of phosphatidylcholine to produce GroPCho and fatty acids. This reaction can be catalyzed by phospholipases of the A1 and A2 or B type. Table 3 Complementation primers used in this study Table 4 Real-time qPCR primers used in this study
TABLES
Reverse AAATCGGTGGAGACAACAGC C. A.
B. 
